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Hadronic jets with large transverse momenta $\documentclass[12pt]{minimal}
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                \begin{document}$${p}_{\mathrm {T}}$$\end{document}$ are produced in high-energy proton-proton collisions when two partons interact with high momentum transfer via the strong force. At leading order (LO) in perturbative quantum chromodynamics (pQCD), two final-state partons are produced back-to-back in the transverse plane. For this case, the azimuthal angular separation between the two leading $\documentclass[12pt]{minimal}
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                \begin{document}$$\pi $$\end{document}$. The nonperturbative effects of multiparton interactions or hadronization disturb this correlation only mildly, and $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta \phi _\text {dijet} \approx \pi $$\end{document}$ still holds. However, the production of a third high-$\documentclass[12pt]{minimal}
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                \begin{document}$${p}_{\mathrm {T}}$$\end{document}$ jet leads to a decorrelation in azimuthal angle. The smallest achievable value of $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta \phi _\text {dijet} =2\pi /3$$\end{document}$ occurs in a symmetric star-shaped 3-jet configuration. Fixed-order calculations in pQCD for 3-jet production with up to four outgoing partons provide next-to-leading-order (NLO) predictions for the region of $\documentclass[12pt]{minimal}
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                \begin{document}$$2\pi /3 \le \Delta \phi _\text {dijet} < \pi $$\end{document}$. If more than three jets are produced, the azimuthal angle between the two leading jets can approach zero, although very small angular separations are suppressed because of the finite jet sizes for a particular jet algorithm. The measurement of the dijet azimuthal angular decorrelation is an interesting tool to gain insight into multijet production processes without measuring jets beyond the leading two.

This paper reports the measurement of the normalized dijet differential cross section as a function of the dijet azimuthal angular separation,$$\documentclass[12pt]{minimal}
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                \begin{document}$${p}_{\mathrm {T}} ^{\text {max}}$$\end{document}$, within a rapidity region of $\documentclass[12pt]{minimal}
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                \begin{document}$$|y |<2.5$$\end{document}$. Experimental and theoretical uncertainties are reduced by normalizing the $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta \phi _\text {dijet}$$\end{document}$ distribution to the total dijet cross section $\documentclass[12pt]{minimal}
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                \begin{document}$${p}_{\mathrm {T}} ^{\text {max}}$$\end{document}$. For the first time, azimuthal angular separations $\documentclass[12pt]{minimal}
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                \begin{document}$$\pi $$\end{document}$ are covered. Comparisons are made to fixed-order predictions up to NLO for 3-jet production, and to NLO and LO dijet as well as to tree-level multijet production, each matched with parton showers and complemented with multiparton interactions and hadronization.

The measurement is performed using data collected during 2012 with the CMS experiment at the CERN LHC, corresponding to an integrated luminosity of 19.7$\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}=8\,\mathrm{TeV} $$\end{document}$. Previous measurements of dijet azimuthal decorrelation were reported by the D0 Collaboration in $\documentclass[12pt]{minimal}
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The CMS detector {#Sec2}
================

A detailed description of the CMS detector, together with a definition of the coordinate system used and the relevant kinematic variables, can be found in Ref. \[[@CR5]\]. The central feature of the CMS detector is a superconducting solenoid, 13 m in length and 6 m in inner diameter, providing an axial magnetic field of 3.8 T. Within the field volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL) and a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Charged particle trajectories are measured by the tracker with full azimuthal coverage within pseudorapidities $\documentclass[12pt]{minimal}
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Event reconstruction and selection {#Sec3}
==================================

This measurement uses data samples that were collected with single-jet high-level triggers (HLT) \[[@CR6]\]. Four such single-jet HLTs were considered that require at least one jet in the event to have $\documentclass[12pt]{minimal}
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Particles are reconstructed and identified using a particle-flow (PF) algorithm, which combines the information from the individual subdetectors \[[@CR7], [@CR8]\]. The four-vectors of particle candidates, reconstructed by the above technique, are used as input to the jet-clustering algorithm. Jets are reconstructed using the infrared- and collinear-safe anti-$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${k}_{\mathrm {T}}$$\end{document}$ clustering algorithm with a distance parameter $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R=0.7$$\end{document}$ \[[@CR9]\]. The clustering is performed with the [FastJet]{.smallcaps} package \[[@CR10]\] using four-momentum summation.

The reconstructed jets require small additional energy corrections to account for various reconstruction inefficiencies in tracks and clusters in the PF algorithm. These jet energy corrections \[[@CR11]\] are derived using (1) simulated events, generated with [pythia]{.smallcaps} 6.4.22 \[[@CR12]\] with tune Z2\* \[[@CR13], [@CR14]\] and processed through the CMS detector simulation based on [Geant4]{.smallcaps} \[[@CR15]\], and (2) measurements containing dijet, photon+jet, and Z+jet events. The jet energy corrections, which depend on the $\documentclass[12pt]{minimal}
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                \begin{document}$${p}_{\mathrm {T}} > 100\,\mathrm{GeV} $$\end{document}$. An offset correction is applied to take into account the extra energy clustered into jets from additional proton-proton interactions within the same or neighbouring bunch crossings (in-time and out-of-time pileup) \[[@CR11]\]. Pileup effects are important only for jets with low $\documentclass[12pt]{minimal}
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Each event is required to have at least one vertex reconstructed offline \[[@CR17]\] with a position along the beam line that is within 24 cm of the nominal interaction point. To suppress nonphysical jets, i.e. jets resulting from noise in the ECAL and/or HCAL calorimeters, stringent criteria \[[@CR18]\] are applied for identifying jets: each jet should contain at least two particles, one of which is a charged hadron, and the jet energy fraction carried by neutral hadrons and photons should be less than 90 %. The efficiency for identifying physical jets using these criteria is greater than 99 %.

The two leading jets, which define $\documentclass[12pt]{minimal}
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Comparison to theoretical predictions {#Sec5}
=====================================

Predictions from fixed-order calculations in pQCD {#Sec6}
-------------------------------------------------
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Fig. 3Ratios of the normalized dijet cross section differential in $\documentclass[12pt]{minimal}
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The results of fixed-order calculations with the CT10 PDF set are overlaid on the data for $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S$$\end{document}$ uncertainty (inner band), and the scale uncertainty (outer band). Also shown are the ratios of theory derived with the alternative PDF sets ABM11 (dashed line), HERAPDF1.5 (dashed--three-dotted line), MSTW2008 (dashed-dotted line), and NNPDF2.1 (dotted line) compared to the prediction with the CT10 PDFs.

The fixed-order calculations agree with the data for azimuthal angular separations larger than $\documentclass[12pt]{minimal}
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                \begin{document}$${p}_{\mathrm {T}} ^{\text {max}}$$\end{document}$ is repeated, but with less significance because of the larger scale uncertainty. Similar observations were made in the previous CMS measurement \[[@CR3]\], which exhibited larger discrepancies in the 4-jet region due to the normalization to the NLO dijet cross section instead of a LO one.

Predictions from fixed-order calculations matched to parton shower simulations {#Sec7}
------------------------------------------------------------------------------

The [pythia6]{.smallcaps} \[[@CR12]\], [pythia8]{.smallcaps} \[[@CR37]\], and [herwig++]{.smallcaps} \[[@CR24]\] event generators complement LO dijet matrix elements with parton showers to simulate higher-order processes. Both [pythia]{.smallcaps} versions, [pythia6]{.smallcaps} with the Z2\* tune \[[@CR13]\] and [pythia8]{.smallcaps} with the CUETM1 tune \[[@CR14]\], employ $\documentclass[12pt]{minimal}
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                \begin{document}$${p}_{\mathrm {T}}$$\end{document}$-ordered parton showers \[[@CR38], [@CR39]\], while [herwig++]{.smallcaps} with the default tune of version 2.3 uses a coherent-branching algorithm with angular ordering of the showers \[[@CR40]\].Fig. 4Normalized dijet cross section differential in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Delta \phi _\text {dijet}$$\end{document}$ for seven $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${p}_{\mathrm {T}} ^{\text {max}}$$\end{document}$ regions, scaled by multiplicative factors for presentation purposes. The *error bars* on the data points include statistical and systematic uncertainties. Overlaid on the data are predictions from the [pythia6]{.smallcaps}, [herwig++]{.smallcaps}, [pythia8]{.smallcaps}, [MadGraph]{.smallcaps} + [pythia6]{.smallcaps}, and [powheg]{.smallcaps} + [pythia8]{.smallcaps} event generators

The [MadGraph]{.smallcaps} program version 5.1.5.7 \[[@CR19]\] supplies the results of LO matrix element calculations with two to four outgoing partons that can be matched to the implementations of parton showers, hadronization, and MPI of the event generators. In this analysis, it is interfaced with [pythia6]{.smallcaps} with tune Z2\* using the MLM matching procedure \[[@CR41]\] to avoid any double counting between tree-level and parton shower generated parton configurations.

The [powheg]{.smallcaps} framework \[[@CR42]--[@CR44]\] provides an NLO dijet calculation \[[@CR45]\] that can also be matched via the parton showers to event generators. Here, [powheg]{.smallcaps} is used with the CT10NLO PDF set and is interfaced to [pythia8]{.smallcaps} with the CUET \[[@CR14]\] tune, which employs the LO CTEQ6L1 \[[@CR35]\] PDF set. Predictions with parton showers matched to a NLO 3-jet calculation using [powheg]{.smallcaps} \[[@CR46]\] or [MadGraph5_aMC\@NLO]{.smallcaps} \[[@CR47]\] would be even more relevant for a multijet topology. They could not, however, be included within the timescale of this analysis. Approaching azimuthal angular separations close to $\documentclass[12pt]{minimal}
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In Fig. [4](#Fig4){ref-type="fig"} the normalized dijet cross section differential in $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta \phi _\text {dijet}$$\end{document}$ is compared to the predictions from fixed-order calculations supplemented with parton showers, hadronization, and MPI. The error bars on the data points represent the total experimental uncertainty, which is the quadratic sum of the statistical and systematic uncertainties. Figure [5](#Fig5){ref-type="fig"} shows the ratios of these predictions to the normalized dijet cross section differential in $\documentclass[12pt]{minimal}
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                \begin{document}$${p}_{\mathrm {T}} ^{\text {max}}$$\end{document}$ regions. The solid band indicates the total experimental uncertainty and the error bars on the MC points represent the statistical uncertainties in the simulated data.

Among the LO dijet event generators [pythia6]{.smallcaps}, [pythia8]{.smallcaps}, and [herwig++]{.smallcaps}, [pythia8]{.smallcaps} exhibits the smallest deviations from the measurements. [pythia6]{.smallcaps} and [herwig++]{.smallcaps} systematically overshoot the data, particular around $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta \phi _\text {dijet} = 5\pi /6$$\end{document}$. The best description of the measurement is given by the tree-level multiparton event generator [MadGraph]{.smallcaps} interfaced with [pythia6]{.smallcaps} for showering, hadronization, and MPI. The [powheg]{.smallcaps} generator (here used only in the NLO dijet mode) matched to [pythia8]{.smallcaps} shows deviations from the data similar to the LO dijet event generators.Fig. 5Ratios of [pythia6]{.smallcaps}, [herwig++]{.smallcaps}, [pythia8]{.smallcaps}, [MadGraph]{.smallcaps} + [pythia6]{.smallcaps}, and [powheg]{.smallcaps} + [pythia8]{.smallcaps} predictions to the normalized dijet cross section differential in $\documentclass[12pt]{minimal}
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                \begin{document}$${p}_{\mathrm {T}} ^{\text {max}}$$\end{document}$ regions. The *solid band* indicates the total experimental uncertainty and the *error bars* on the MC points represent the statistical uncertainties of the simulated data

Summary {#Sec8}
=======

A measurement is presented of the normalized dijet cross section differential in the azimuthal angular separation $\documentclass[12pt]{minimal}
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In a comparison of the normalized $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta \phi _\text {dijet}$$\end{document}$ distributions to the LO dijet event generators [pythia6]{.smallcaps}, [pythia8]{.smallcaps}, and [herwig++]{.smallcaps}, [pythia8]{.smallcaps} gives the best agreement. [pythia6]{.smallcaps} and [herwig++]{.smallcaps} systematically overshoot the data, particularly for $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta \phi _\text {dijet} \approx 5\pi /6$$\end{document}$. A good overall description of the measurement is provided by the tree-level multijet event generator [MadGraph]{.smallcaps} in combination with [pythia6]{.smallcaps} for showering, hadronization, and multiparton interactions. The dijet NLO calculations from [powheg]{.smallcaps} matched to [pythia8]{.smallcaps} exhibit deviations similar to the LO dijet event generators. Improved multijet predictions can be expected from 3-jet NLO calculations matched to parton showers like from [powheg]{.smallcaps} or [MadGraph5_aMC\@NLO]{.smallcaps}.

Similar observations were reported previously by CMS \[[@CR3]\] and ATLAS \[[@CR4]\], but with less significance because of the smaller data sets. The extension to $\documentclass[12pt]{minimal}
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                \begin{document}$$\pi /2 \le \Delta \phi _\text {dijet} < 2\pi /3$$\end{document}$, and the comparison to dijet NLO calculations matched to parton showers are new results of the present analysis.
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